Introduction
Resorc [4] arene is a cyclic tetramer prepared by the cyclo-condensation reaction of resorcinol with various aldehydes catalyzed by acid. Resorc [4] arene has a hydrophobic molecular cavity surrounded by four benzene rings, which includes various organic guest molecules such as toluene (1) (2) (3) . Along the upper rim of the cavity, eight hydroxyl groups are arranged to form a polar part of the molecule. Resorc [4] arene extracts some polar molecules such as sugars from a nonpolar medium through interactions with these hydroxyl groups, as studied extensively by Y. Aoyama et al. (4) . Moreover, various derivatives were prepared by the chemical modification of the hydroxyl groups; for example, the cavitand was prepared by the crosslinking of adjacent hydroxyl groups by quinoxaline or bromochloromethane (5) (6) (7) (8) (9) .
The hydroxyl groups along the upper rim form an intramolecular network of hydrogen bonds, stabilizing the cone conformation of the molecule. These hydroxyl groups are also involved in the formation of molecular assemblies by making intermolecular hydrogen bonds in nonpolar solvents as shown in Fig. 1 (10) (11) (12) . As shown by these examples, the state of the hydroxyl groups has great impact on the properties of resorc [4] arene. In this paper, we will report the results of 1 H-NMR measurements on C-tetraundecenylresorc [4] arene (TUresorc [4] arene) in various deuterated solvents and in the presence of some guest molecules in order to clarify the state of hydroxyl groups under various conditions, which is an important issue underlining the molecular recognition phenomena of resorc [4] arene.
hyde, methanol, 1-propanol, 2-propanol, 1-hexanol, mcresol, 1-hexylamine, triethylamine, aniline, pyridine, DMSO, N,N-dimethylformamide (DMF), chloroform, and water, which were used as guest substances, were obtained from Kanto Kagaku and Wako Pure Chemical Industries, and were used without further purification.
Measurements
1 H-NMR spectra were recorded on a Jeol JNM-GX400 (400MHz) by using TMS as an internal standard. The measurements were carried out at ambient temperature (20 1 ) unless otherwise stated. The IR spectra were recorded with a Shimadzu FTIR-8100 by the KBr method. 2 3 Typical Procedure 2 3 1 Hydrogen-bonding states of TUresorc [4] arene in various deuterated solvents TUresorc [4] arene (10.4 mg,10 mmol) was dissolved in C 6 D 6 or CDCl 3 (0.6 mL) and the Chemical shift of hydroxyl protons of TUresorc [4] arene was measured by using 1 H-NMR. 2 3 2 Hydrogen-bonding interaction of TUresorc [4] arene with some guest molecules ( 1 H-NMR measurements) Given amounts of each guest were added into a solution of TUresorc [4] arene (10.4 mg) in 0.6 ml of C 6 D 6 to assure the molar ratio between 1:0 and 1:100, and 1 H-NMR signals were compared.
2 3 3 Hydrogen-bonding interaction of TUresorc [4] arene with some guest molecules (IR measurements) Given amounts of methanol or acetone were added to TUresorc [4] arene in a KBr disk to adjust the molar ratio to be 1:0, 1:4, 1:32, and 1:64 and IR spectra in the range in 3000-3500 cm -1 were compared. [4] arene were investigated in various deuterated solvents, the results of which are summarized in Table 1 . Two signals of hydroxyl protons are observed in the 1 H-NMR spectra of TUresorc [4] arene in C 6 D 6 and CDCl 3 (13, 14) . The lower-field signal is assigned to the hydroxyl protons forming the intramolecular hydrogen-bonding network and the other upper-field signal is assigned to "free" hydroxyl protons, which are in a nearly free state or in a intermolecular hydrogen-bonded state forming weak molecular assemblies (12) . These signals are shifted slightly upfield in CDCl 3 compared with those in C 6 D 6 ; this may be owing to weakened intermolecular hydrogen bonds by a polar effect of CDCl 3 .
Resorcinol exhibits only a peak assigned to hydroxyl groups at 8.15 ppm (acetone-d 6 ) and 9.15 ppm (DMSOd 6 ), respectively, which confirms the equivalence of two hydroxyl groups. The formation of intramolecular hydrogen-bonding network is peculiar to resorc [4] arene owing to its characteristic steric structure.
In acetone-d 6 , acetonitrile-d 3 , and DMSO-d 6 , the two signals collapse into a single signal, which shows that the hydrogen bonding network becomes labile and, therefore, eight hydroxyl protons can not be discriminated from each other. TUresorc [4] arene interacts with these polar solvent molecules (Fig. 1b) . The mode of interactions of the hydroxyl groups with these molecules are detailed in later sections.
The relationship between the chemical shift of the hydroxyl protons and the relative dielectric constant of solvent is shown in Fig. 2 . A good correlation is observed except for DMSO-d 6 . This shows that the intramolecular hydrogen bonds are weakened with increasing relative dielectric constant of the solvent. In DMSO-d 6 The rate constant and the activation free energy for the proton exchange reaction between the protons in the intramolecular hydrogen-bonding network and the "free" protons were estimated by a total band-shape analysis (15) using the hydroxyl signals. In the calculation, the spectrum is approximated by two signals separated by 156 Hz. It was assumed that the transverse relaxation time (T 2 ) is so large that the broadening of the line shape is caused exclusively by the exchange reaction. The results of the simulation of the line-shape obtained by fitting to the observed spectra are included in 1 H-NMR study on hydroxyl protons The 1 H-NMR spectra were examined for the hydroxyl protons of TUresorc [4] arene in the presence of varied amounts of guest molecules in C 6 D 6 . Some substances which are expected to interact with hydroxyl groups of TUresorc [4] arene and are soluble in C 6 D 6 were selected. The molar ratio 1:8 corresponds to the equimolar mixture for the host and guest, as TUresorc [4] arene has eight hydroxyl groups per molecule. The 1 H-NMR data are summarized in Table 2 When incremental amounts of acetone were successively added to a TUresorc [4] arene solution in C 6 D 6 at room temperature, the 1 H-NMR spectra changed as shown in Fig. 4a . By the addition of acetone, the initial two signals were slightly shifted downfield; the upperfield signal was shifted more. A new signal appeared at about 8 ppm when more than 8 equivalents (with regard to the hydroxyl group) of acetone were added, and grew up with increasing amount of acetone. When a large excess of acetone was added, the original signals at about 10 ppm disappeared and only the new signal at about 8 ppm was observed, as was observed for TUresorc [4] arene in acetone-d 6 ( Table 1) . This signal may be assigned to a state in which all hydroxyl groups of TUresorc [4] arene are hydrogen-bonded to acetone molecules, as shown in Scheme 1 (and also in Fig. 1b) . The change corresponds to the transition from 'state a'to 'state c' in Scheme 1. The spectral change upon the addition of acetonitrile is shown in Fig. 4b , which is very similar to the case of acetone. This shows a similarity in the interaction modes with these molecules. However, the transition from 'state a' to 'state c' in Scheme 1 is less favored as a new signal appears upon the addition of more than 50 equivalents. This may be owing to a weaker ability as a hydrogen-bond acceptor of acetonitrile. It is consistent with the fact that the donor number (DN) of acetonitrile (14.1) is smaller than that of acetone (17.0). The DN value proposed by Gutman (16) 
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higher the DN value, the higher the ability for accepting the hydroxyl protons.
(c) DMSO The addition of DMSO gave an interesting result, as shown in Fig. 4c . By the addition of one equivalent of DMSO, the original lower-field signal disappeared leaving behind the broadened upper-field signal, which became sharper with a slight downfield shift by further addition. This change may be essentially explained by Scheme 1, which was proposed for the case of acetone. Compared with the case of acetone, the transition from 'state a' to 'state c' is much more rapid (and the transit 'state b' was not detected), since DMSO is a stronger hydrogen-bond acceptor than acetone, as indicated by the DN value (29.6).
The effect of the addition of DMF was similar to the case of DMSO, as shown in Fig. 4d . By the addition of one equivalent of DMF, the original two signals collapsed into one broad signal with a downfield shift. This signal disappeared at the molar ratio 1:8, and a new sharp signal appeared at a slightly upfield side. These changes may be represented by Scheme 1. This transition occurs at the molar ratio of 1:1 in the case of DMSO and this reflects a higher DN value of DMSO compared to that of DMF (26.6).
Group 2: hydrogen-bond donor molecules (BH)
Aliphatic alcohols constitute Group 2. Only the signal for the "free" hydroxyl protons shifts downfield upon the addition of alcohols. (e) Alcohols Alcohols used were methanol, 1-propanol, 2-propanol, and 1-hexanol. Spectral changes by the addition of methanol are shown in Fig. 4e . Clearly, the pattern of change in the case of methanol is different from those in Group 1; that is, there appeared no new signal. There was no splitting of the signals either, which was observed for Group 3 as described below. By the addition of 16 equivalents of methanol, the two signals collapsed into a broad signal without a large change in the chemical shift. This mode of change may be interpreted by the change in hydrogen-bonding structure as shown in Scheme 2. The effects of the addition of other alcohols are summarized in Fig. 5 . The mode of change is essentially the same as in the case of methanol, but the signals shift slightly downfield at first, and then move upfield gradually by the addition of these alcohols. The initial downfield shifts show that the hydroxyl protons of TUresorc [4] arene are involved in stronger hydrogen bonding, while the upfield shift afterward corresponds to an equilibration between bulk alcohol OHs. There is a trend toward splitting again after collapsing into a single signal in the presence of excess 2-propanol and 1-hexanol.
The hydroxyl group in alcohols can, in principle, work not only as a hydrogen-bond donor but also as a hydrogen-bond acceptor. However, the pattern of spectral changes upon the addition of alcohols is distinctly different from those in Group 3 described below, which is constituted with molecules which work as both a hydrogen-bond donor and an acceptor. Group 3: guest molecules which work as both a hydrogen-bond donor and an acceptor (AH)
As for the guests of Group 3, the original two signals of hydroxyl protons have the tendency of spliting into doublets or multiplets. (f) Butyraldehyde
The result of the addition of butyraldehyde is shown in Fig. 4f . Each of the original two signals splitted into a doublet and a new signal did not appear, being different from Group 1 and 2. This may be owing to the presence of the aldehyde proton besides the carbonyl group. The aldehyde group serves as a hydrogen-bond donor as well as a hydrogen-bond acceptor, as shown in Scheme 3. It was reported by C. F. Wilson et al. (13) that the hydroxyl protons of resorc [4] arene appear in the 1 H-NMR spectrum as a pair of doublets at temperatures below 45 , due to an asymmetry in the hydrophilic rim with an associated conformational change. Hence, the splitting in this case may also be due to an asymmetry caused by hydrogen bonds formed between TUresorc [4] 
arene and butyraldehyde. (g) m-Cresol
The original two signals became gradually broad and splitted into doublets upon the addition of m-cresol as shown in Fig. 4g . These signals remained until the addition up to the molar ratio 1:100, suggesting the presence of the intramolecular hydrogen-bonding network under these conditions. This is because the coordination of acidic proton of m-cresol to the hydroxyl 
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oxygen does not affect the intramolecular hydrogen bonding as depicted in Scheme 3.
(h) Water Water is immiscible with C 6 D 6 but some quantities of water are immobilized on TUresorc [4] arene. The 1 H-NMR spectra of TUresorc [4] arene with added water are shown in Fig. 4h . Each of the original two hydroxyl signals tends to split to a doublet (13) , which is similar to the case of butyraldehyde and m-cresol as described above.
Group 4: basic molecules (BH 2 )
The signals for the guests, i.e., amines, in Group 4 became so broad up to the point where they are no longer observed in the 1 H-NMR spectrum. (i) Amines CDCl 3 was used as a solvent for the study of amines, because the sample solution became turbid when amines, such as hexylamine, were added into a C 6 D 6 solution of TUresorc [4] arene. The addition of hexylamine, triethylamine, and aniline to a CDCl 3 solution did not give turbidity, but the addition of diethylamine caused turbidity, being unable to measure 1 H-NMR spectrum.
When hexylamine or triethylamine was added over a molar ratio of 1:4, the signals for the hydroxyl protons became so broad that they were no longer observed. In the case of aniline, the addition at the molar ratio 1:1 gave only a trace of broad signal. This could be interpreted as an acid-base reaction occurring between the acidic hydroxyl groups of TUresorc [4] arene and the basic amino group of amine, as being represented in Scheme 4. The Coulomb attraction between resulting phenoxide anions and ammonium cations leads to the formation of polar aggregates hardly soluble in nonpolar solvent. The proton exchange among these groups blur the 1 H-NMR signals. The spectral change by the addition of pyridine is shown in Fig. 4i . The addition of pyridine, a tertiary aromatic amine, gave a somewhat different result from the other amines. By the addition of pyridine at a molar ratio of 1:1, the original two signals combined into a broad signal with an upfield shift, which became broader by further addition until being smeared out with over 8 equivalents of pyridine. The hydrogen-bonding interactions of TUresorc [4] arene with guest compounds shown in the preceding sections are thought to lead not a well-defined hydrogen-bonding complex of definite structure, but hydrogen-bonding clusters of loose structure. The extent of these interactions could be estimated only qualitatively from the peak change with the amount of added guest shown in Fig. 4. 3 2 2 1 H-NMR study on aromatic and methine protons of TUresorc [4] arene There was a common trend in the guest-induced chemical shift changes in the aromatic region: the addition of guest molecules in general tends to shift aromatic ortho protons (with respect to the hydroxyl group) downfield by a few ppm and meta protons only slightly upfield. In principle, chemical shift changes are caused either by a change in the electron density or in the conformation around the proton. The electronic effect caused by the hydrogen bond formation with guest molecules would increase the electron density in the aromatic rings, which should result in upfield shifts for aromatic protons. The downfield shifts actually observed for ortho protons thus suggest that the conformational change, rather than the electronic effect, has a larger effect on the chemical shift changes of the aromatic protons.
Some guest molecules caused the splitting of aromatic protons (DMF) or methine protons (propanol, hexanol, pyridine, and DMSO). The splitting indicates that these guest molecules, through hydrogen-bonding interactions, lock an asymmetric conformation of TUresorc [4] arene.
3 2 3 IR spectra The IR spectra of the hydroxyl group region of TUresorc [4] arene with added methanol, acetone and hexylamine are shown in Fig. 6 . The IR absorption by the hydroxyl groups of TUresorc [4] arene is observed as a broad band centered at 3280 cm -1 . The hydroxyl group participated in the intramolecular hydrogen bonding network could not be discriminated from the free hydroxyl group. The addition of methanol does not affect the absorption band, but the addition of acetone makes the original band broader and shifted to the lower wave-number side. As described in a preceding section, methanol molecules are coordinated to the hydroxyl oxygen as a hydrogen-bond donor, and acetone molecules are coordinated to the hydroxyl proton as a hydrogen-bond acceptor. The former interactions would not disturb the hydrogen-bonding network as shown in Scheme 1, while the latter interactions would disrupt the hydrogen-bonding network as shown in Scheme 2. These changes of IR spectra are thus consistent with the models proposed based on 1 H-NMR observations.
The addition of hexylamine gave a more remarkable change to the IR spectra of TUresorc [4] addition of four equivalents of hexylamine, the original band of hydroxyl groups was weakened and was shifted to around 3160 cm -1 , and a broad band appeared between 2400 and 2800 cm -1 ; this band is assigned to the quaternary ammonium group produced by the proton shift from the hydroxyl group of TUresorc [4] arene to the amine. These spectral changes again agree with the picture shown in Scheme 4 based on the 1 H-NMR study.
Conclusion
The guest molecules examined in this paper are broadly divided into three groups: Group 1: substances which act as a hydrogen-bond acceptor of the hydroxyl protons of TUresorc [4] arene; Group 2: substances which act as a hydrogen-bond donor to the hydroxyl oxygen; and Group 3: substances which play a roll of both a hydrogen-bond acceptor and a hydrogen-bond donor for the hydroxyl groups.
A typical substance in Group 1 is acetone; the mode of interaction with the hydroxyl groups is presented in Scheme 1. Acetonitrile, DMSO, and DMF are other examples. Their ability may be estimated in terms of the DN values. Amines have a very high ability as a hydrogen-bond acceptor. However, the proton exchange reaction becomes very rapid in the presence of amines, and thus the pattern of spectral changes are quite different from those in Group 1, as shown in Scheme 4.
Alcohols belong to Group 2; the hydrogen-bonding interaction with TUresorc [4] arene is as shown in Scheme 2. Their ability to form hydrogen bonds may be estimated in terms of the AN value; alcohols are stronger hydrogen-bond donor than chloroform, which hardly affects the 1 H-NMR signals. Butyraldehyde, m-cresol, and water show rather complicated behavior in the interaction with hydroxyl groups of TUresorc [4] arene. These substances have both a basic oxygen atom and an acidic hydrogen atom, thus work as both a hydrogen-bond acceptor and a hydrogen-bond donor, being categorized into Group 3. Their interactions with the hydroxyl groups of TUresorc [4] arene may be explained as shown in Scheme 3.
The classification of interactions of TUresorc [4] arene examined for the relatively simple molecules may also apply to more complex guest molecules which interact through hydrogen bond formation. Especially, analyzing the pattern of hydroxyl signals in 1 H-NMR according to the criteria presented herein would help understand how the interactions occur in more elaborate host-guest systems.
